ABSTRACT This paper proposes a roadside unit (RSU)-coordinated synchronous multi-channel medium access control (MAC) scheme for vehicular ad hoc networks (VANETs). The proposed scheme allows the on board unit (OBU) to reserve service channels (SCHs) on the control channel (CCH) during almost the whole synchronous interval and supports simultaneous transmissions on different SCHs. It enhances the performance of VANETs and decreases the CCH congestion. Moreover, we use RSU to record the rendezvous information and broadcast it to the OBUs. This method avoids the multi-channel hidden terminal problem. An analytical model is developed to evaluate the aggregate throughput on SCHs. This model considers the following factors: non-safety message transmission probability in each synchronous interval, average size of the non-safety message, and the number of OBUs. Furthermore, the requirement of obtaining the maximum throughput is computed. Simulation results are provided to validate the analytical model and to demonstrate the improvement in throughput. The results indicate that the proposed scheme can provide higher aggregate throughput than that of the vehicular enhanced multi-channel MAC and IEEE 1609.4, and better performance in CCH congestion control especially under high network load conditions.
I. INTRODUCTION
VANETs is envisaged as a key component for providing safety and comfort in Intelligent Transportation Systems (ITS), which is a main application domain of the Internet of Things [1] . It serves as one of the most important enabling technologies required to implement a myriad of applications related to vehicles, drivers, passengers and pedestrians. These aim to assist drivers with safety, to specify the operation of vehicles, to provide infotainment, and to manage vehicle traffic as well as other information. In VANETs, it adopts Dedicated Short Range Communication (DSRC) to conduct communication between V2V (Vehicle to Vehicle), as well as that between V2I (Vehicle to Infrastructure). The U.S. Federal Communications Commission (FCC) has allocated 75 MHz of spectrum at 5.9 GHz for DSRC and further divided it into seven non-overlapping channels. To make use of the seven channels, the IEEE 802.11p task group is working with the IEEE 1609 WAVE standard family to specify a multi-channel Medium Access Control (MAC) protocol draft for the Wireless Access in Vehicular Environment (WAVE) system to provide performance advantages in reducing collision delay and enabling concurrent transmissions [2] - [12] .
According to the IEEE 1609.4 specification, MAC coordinates multiple channels by the split phrase mode [8] , [13] . As shown in Fig. 1 , the channel access time is divided into synchronous intervals (sync intervals) with a fixed length of 100 ms. Each synchronous interval is consisted of a control channel interval (CCH interval) and a service channel interval (SCH interval). Durations of both CCH interval and SCH interval last 50 ms. During the CCH interval, all OBUs must tune to the CCH frequency for safety and system control message exchange, while during the SCH interval, all OBUs switch to a designated SCH channel, which is used for non-safety services.
Although the goal of WAVE MAC is to guarantee transmissions of safety applications and maximize the system throughput for non-safety services, its multi-channel MAC protocol suffers from some obvious drawbacks. First, the channel utilization cannot inherently exceed 50 percent because of equal-length alternating between CCH and SCH intervals. Second, the channel competition mechanism may cause decrease in performance of the WAVE system due to possible collisions, especially when the network load is high. Moreover, the fact that RSU and OBU have the same priority to access the channel prohibits intelligent assistance of time intervals in response to variable traffic demands. Therefore, an efficient multi-channel MAC is a necessity to improve the channel utilization and reduce the contention on CCH [14] , [15] , [22] .
The rest of this paper is organized as follows. In Section II, a comprehensive survey of the related works is provided. In Section III, the V2I and V2V communication model is briefly described. And then, the RSU-coordinated synchronous multi-channel MAC scheme is provided. In Section IV, A new model for analyzing the aggregate throughput on SCHs is proposed and the requirement of obtaining the maximum throughput is computed. In Section V, we do simulations to verify the performance of the analytical model and the proposed scheme. Finally, Section VI gives some concluding remarks.
II. RELATED WORKS
In some earlier works, different multi-channel MAC schemes have been proposed for VANETs. Some of them can be categorized into synchronous multi-channel protocols [16] - [23] , in which strict time synchronization between the CCH interval and the SCH interval are required. In [16] , [17] , a multi-channel MAC protocol dynamically adjusting the duration of CCH interval and its annalistic model were proposed. This scheme can adjust the length of CCH interval according to the density of vehicles on the road. It tries to provide reliable transmission for safety messages and to improve the saturation throughput of service data. However, the service channel resources are still wasted during the CCH interval. In [18] , the authors proposed a RSU-coordinated multi-channel MAC protocol which is based on 802.11 PCF. The original 1CCH+6SCH structure is modified into 1CCH+1ECH+5SCH to guarantee the reliability of safety messages transmission on the ECH, which increases the probability of receiving safety messages at the cost of degradation of system throughput on the SCHs. In [19] , the authors proposes a novel distributed multichannel medium access control protocol using fast and slow hopping sequences with dual radio interfaces. A Dedicated Multi-channel MAC (DMMAC) was proposed in [20] . It employs the hybrid channel access to provide collisionfree and delay bounded transmission for safety messages. The synchronous algorithm may use one designated service channel in a synchronous interval. It leads to the other five channel wasted. In [21] , the authors proposed a Vehicular Enhanced Multi-channel MAC protocol (VEMMAC) for vehicular ad hoc networks. It allows nodes to try to access the control channel to reserve one of service channels to exchange non-safety messages only during the CCH interval and broadcast safety messages twice with each in the CCH and SCH interval. In [22] , the authors proposed a hybrid access scheme, named HER-MAC. It improves the reliability of safety message broadcast and utilizes the SCH efficiently. In [23] , it allows OBUs send Request for Service (RFS) packets to make an agreement with service providers. However, making service channel rendezvous only on CCH channel may lead to the high contention level on the CCH channel and reduce the success rate of reservation.
The others can be categorized into asynchronous multi-channel MAC protocols, which need no strict time synchronization and allow OBUs to switch any SCH channel through succeeding rendezvous. In [24] , a Dynamic Service-Channels Allocation (DSCA) method was proposed to maximize throughput by dynamically assigning different service channels to the users. In [25] , the authors proposed a multi-channel medium access control protocol, called multi-channel MAC protocol with hopping reservation (MMAC-HR), to resolve the multi-channel exposed terminal problem. In [15] , the authors proposed an asynchronous multi-channel MAC (AMCMAC) that did not need tight time synchronization. It supports simultaneous transmissions on different SCH channels, as well as allowing other OBUs to make rendezvous with their providers, receivers or broadcast emergency messages on the CCH channel. However, this scheme may suffer from serious collision on the CCH channel when the density of vehicles is high. In [26] , the authors proposed a novel distributed asynchronous multi-channel medium access control scheme for large-scale vehicular ad hoc networks, named asynchronous multi-channel medium access control with a distributed time-division multiple-access mechanism (AMCMAC-D). The proposed scheme supports simultaneous transmissions on different SCH channels while allowing rendezvous and broadcast of emergency messages on the CCH channel. In [27] , the authors proposed a novel multi-channel VOLUME 3, 2015 multiple access protocol (MMA). For ensuring non-safety messages transmission, two CCH channels are utilized in MMA to rendezvous SCH and acknowledgments (ACKs) separately. These works may suffer from multi-channel hidden terminal problem. Because OBU pairs simultaneous transmissions on different SCH channels will miss the rendezvous message on CCH channel.
In this paper, we study a novel RSU-coordinated synchronous multi-channel MAC model for VANETs, which not only solves the multi-channel hidden terminal problem (as mentioned in [15] ), but also provides channel rendezvous in the whole synchronous interval and simultaneous transmissions on different SCH channels. The proposed scheme is based on the synchronous multiple rendezvous strategy and makes the CCH interval further divided into RSU interval and RFS interval. Besides, it allows OBUs to rendezvous on the CCH channel during SCH interval and RFS interval. In SCH interval, All OBUs can simultaneous transmissions on different SCH channels. Moreover, we use RSU to record the rendezvous information in current SCH interval and broadcast it in the next RSU interval to avoid missing the rendezvous message (which leads to the multi-channel hidden terminal problem). This scheme enhances the network performance and helps to increase the reliability of the system. We present a theoretical framework to analyze the impact of different factors on aggregate throughput. We compare the system performance of the proposed scheme with that of the IEEE 1609.4 and VEMMAC. Simulation results demonstrate that the proposed scheme outperforms both of the aforementioned schemes in terms of CCH congestion control and aggregate throughput on SCHs. 
III. RSU-COORDINATED SYNCHRONOUS MULTI-CHANNEL MAC SCHEME
We study a popular system model in VANETs. as shown in Fig. 2 . Consider a VANETs consisting of N OBUs driving through the coverage of a RSU. When an OBU arrives in the range of a designated RSU, it could transmit and receive messages from the RSU. Moreover, OBU could communicate with each other in its one-hop range. First, we assume that all OBUs in the VANETs are equipped with a half-duplex transceiver which is able to switch between CCH channel and SCH channel to exchange safety and non-safety messages. It can either transmit or listen but cannot do them simultaneously. Second, we assume the RSU is equipped with 2 half-duplex transceivers (transceiver A and B). Transceiver A always listen to CCH channel. It would record the rendezvous information in current SCH interval. Transceiver B is capable of switching between different SCH channels and CCH channel. It broadcasts the rendezvous information in the next RSU interval to avoid multi-channel hidden terminal problem. Moreover, the CCH interval is divided into RSU interval and RFS interval, as shown in Fig. 3 . The CCH interval starts from the RSU interval, which broadcasts a RSU packet. In our proposed scheme, RSU interval lasts at a fixed length of 5 ms, which includes 4 ms guard interval and 1 ms transmission delay of RSU packet. The value of transmission delay is based on an observation in which a typical safety broadcast message can take up to 1ms to transmit. Fig. 3 shows the operation of the proposed scheme. It inherits the multi-channel access framework and all nodes (OBU and RSU) need tight time synchronization. In this figure, S stands for safety message and CTR stands for CTR (Clear To Rendezvous) message. For the safety messages transmission, OBU tries to access the CCH channel and contends the channel to broadcast a safety message in the RFS interval. For the non-safety messages transmission, OBU tries to access the CCH channel to reserve one of SCH channels by exchanging RFS/CTR messages during the RFS and SCH interval. And then, successful rendezvous OBUs can realize simultaneous transmissions on different SCH channels. To record the rendezvous information, we assume each node keeps two local SCH rendezvous tables: local SCH rendezvous table-1(LSRT-1) and local SCH rendezvous table-2(LSRT-2). LSRT-1 records the rendezvous information which is reserved in CCH interval. It contains the state of each SCH and the time periods which is used to exchange non-safety messages on the selected SCH. While LSRT-2 records the rendezvous information which reserved in SCH interval. The following subsections provide more detailed information on the proposed scheme.
A. THE OPERATION OF TIME INTERVAL
In RSU interval, RSU broadcasts a RSU packet, which includes the accurate rendezvous information that occurred during the last SCH interval. And then, OBUs which have received the RSU packet update LSRT-2 immediately and copy the rendezvous information from LSRT-2 to LSRT-1. In RFS interval, whenever an OBU wants to broadcast an safety message or non-safety message, it has to compete with other OBUs to access the CCH channel. When an OBU wants to exchange non-safety message, it reserves one of SCH channels in current synchronous interval by exchanging RFS/CTR messages. Moreover, the successful rendezvous information is recorded in LSRT-1. In SCH interval, successful reserved OBU pairs orderly tune to the selected SCH channel to exchange non-safety message according to the LSRT-1 and the others tune to CCH channel to reserve one of SCH channel in the next synchronous interval by exchanging RFS/CTR messages. Similarly, the successful rendezvous information is saved in LSRT-2.
B. THE OPERATION OF CHANNEL RENDEZVOUS
The proposed scheme adopts a RSU-coordinated channel rendezvous scheme and a novel channel selection strategy, aiming to perform contention-free channel access and increase the channel utilization.
When a vehicle experiences non-safety message, the OBU computes the message transmission time, the cut-off time of the current synchronous interval and the minimum occupied time of the 6 SCH channels according to LSRT-1 or LSRT-2. If the selected channel idle time is enough to transmit the non-safety message, it will send the RFS packet and initialize the CTR timer. The receive rendezvous OBU decodes the RFS packet. Then, it checks the selected channel idle time and sends CTR packet. Moreover, the successful rendezvous information will be saved into LSRT-1 or LSRT-2 in different time intervals. With the coordinate of RSU, the proposed scheme could obtain more chances to rendezvous successfully and avoid multi-channel hidden terminal problem. The detail of the channel rendezvous operation is shown in Table 1 .
IV. PERFORMANCE ANALYSIS
In this section, we present performance analysis of the proposed scheme. To improve the aggregate throughput on SCHs is the motivation of the proposed multi-channel MAC scheme. Generally speaking, the aggregate throughput is defined as the channel utilization multiplied by the channel data rate. In the following, we propose a new analytical model for aggregate throughput on SCHs, which take into account the following factors: non-safety message transmission probability in each synchronous interval, average size of the non safety-related message, and number of OBUs.
To facilitate the analysis, some assumptions are made. First, we assume there are N OBUs driving through the coverage of a RSU. Moreover, at each synchronous interval, the non-safety message transmission probability is S n . Second, the synchronous interval is further divided into small time slots. Each time slot is just long enough to exchange SCH rendezvous message (RFS/CTR messages) to make an agreement within OBU pairs. And the occupation time of non-safety message is integer multiples of the time slots. This assumption enables us to use the SCH occupancy time to analyze SCH average utilization. We assume T p is a random variable representing the SCH occupancy time slots of a nonsafety message which is sent successfully. For simplicity, we assume the length of non-safety messages for all OBUs is a constant.
A. AGGREGATE THROUGHPUT
In vehicular networks, OBUs could randomly choose a SCH for non-safety message transmission. It means that each SCH has the same average throughput in statistics. Therefore, we could obtain the channel average throughput through analyzing average channel utilization multiplied by the channel data rate.
In this subsection, we use channel occupation time to compute the channel utilization. To analyze the SCH occupation time, we assume that there are i random number of successful rendezvous made during the whole synchronous interval. Therefore, the probability of i successful rendezvous in the whole synchronous interval can be expressed as follows:
where r = min(d,
, and d is the number of the slots which could be used for making an rendezvous by OBU in each synchronous interval. It enables us to know the maximum number of successful rendezvous on CCH. And s is the number of the slots which could be used for transmitting nonsafety message by OBU in SCH interval. M is the number of SCHs. 
where p is a probability that a successful rendezvous is made in each time slot.
And then, we make an analysis about p .We track the process of successful rendezvous. There are N OBUs driving through the coverage of a RSU and the non-safety message transmission probability is S n at each synchronous interval. Therefore, there are N n (N n = N × S n ) SCH rendezvous message will transmit on CCH.
Moreover, the OBU randomly selects the time slot to transmit a rendezvous message. If there are no other OBUs to select the same slot to transmit, the rendezvous would be successful. This is similar to the fact: we have N n balls (OBUs) that are thrown into d bins (slots), and there are no more than one ball (OBU) in the same bin (slot). Thus, the probability of successful rendezvous follows the binomial distribution. p could be written as follows:
Furthermore, the average SCH channel utilization ρ can be obtained as follows:
where c is the number of time slots in a synchronous interval. And T h i denote the average occupancy time on SCH channel when i successful rendezvous are made on CCH. It can be expressed as follows:
By using equations (4) and (5), we could obtain the aggregate SCHs throughput as follows:
where R D is the SCH channel data rate.
B. MAXIMUM AGGREGATE THROUGHPUT
In this subsection, we determine the maximum aggregate throughput on SCHs and the parameters that could affect the achievable SCHs throughput. Within the type of reservation method, the aggregate throughput on SCHs is affect by the number of successful rendezvous and the maximum number of successful non-safety message transmission on SCHs (
M ×s T p
). First, we consider the number of successful rendezvous. Equation (3) determines the probability of successful rendezvous in each time slot. Therefore, we could obtain the number of successful rendezvous in the whole synchronous interval, as follows.
where SP is the number of successful rendezvous. Since d is a constant in a given network, SP depends on N n . Therefore, we could use the first derivation of equation (7) with respect to N n :
Furthermore, we let equation (8) equal to 0 and obtain the N n which makes the aggregate throughput maximum, as follows.
Equation (9) indicates that the maximum aggregate throughput on SCHs is affected by the number of SCH rendezvous which are transmitted on CCH. Within a given network, N n depends on the number of OBUs N and the non-safety message transmission probability S n . Therefore, if N is fixed, we could employ optimization of S n to make
, thus achieving the maximum aggregate throughput on SCHs.
Using equations (3), (4), (6) and (9), we could get the maximum number of successful rendezvous. Moreover, we compare the maximum number of successful rendezvous with the maximum number of successful non-safety message transmission on SCHs. The smaller one is corresponds the maximum aggregate throughput on SCHs.
V. SIMULATION RESULTS
The simulations consist of two parts. In the first part, we present simulation results to verify the analytical model. In the second part, we do simulations to compare the aggregate throughput on SCHs of the proposed scheme with that of the IEEE 1609.4 and VEMMAC (which allows OBU tries to access the CCH to reserve one of SCHs only during the CCH interval). Before performing simulations, we need to choose appropriate values of d and s. We assume that each of the synchronous interval is further divided into 100 small time slots (c = 100). Therefore, we set d = 95 (RFS interval + SCH interval) and s = 50 in the proposed scheme. And then, the lowest IEEE 802.11p channel data rate 3 Mbps is chosen to privilege robustness and reliability. The other parameters are listed in Table 2 for clarity. We do a 2000 times Monte Carlo simulation. 
A. VERIFICATION OF ANALYTICAL MODEL
In this subsection, first we present simulation results to verify the analytical model. Then, the impact of non-safety message transmission probability in each synchronous interval, data rate of each SCH, average size of the non-safety message and number of OBUs are investigated. Fig. 4 shows the aggregate throughput on SCHs with different non-safety message transmission probability S n at each synchronous interval. It is observed that the aggregate throughput on SCHs increases with number of OBUs N for a given S n , when it does not reach the maximum aggregate throughput. On the contrary, the aggregate throughput on SCHs decreases with number of OBUs N for a given S n . The reason is when the aggregate throughput on SCHs reaches its maximum, increasing the number of OBUs is equal to adding the load on the CCH. It causes the CCH congestion and leads to the decrease of the probability of successful rendezvous. Then, we consider five different values of S n in the simulation. It is easy to check that bigger S n requires smaller N to reach the maximum aggregate throughput on SCHs. The reason is that N n = −
is fixed in a given network. Moreover, the pairs of non-safety message transmission probability and the number of achieving maximum aggregate throughput OBUs are (S n , N anal , N sium ) = (1, 94.49, 100), (0.8, 118, 120), (0.6, 158, 160). Simulation result has a little fluctuation around the ones by using analytical model (< 5%), which indicates that the analytical model has good performance in computing maximum aggregate throughput.
Next, we present simulation results to verify the impact of SCH data rate and average size of the non-safety message. We set T p min = 2, T p = 1 and T p max = 6 in the simulation, when the non-safety message transmission probability at each synchronous interval is equal to 80%. Corresponding to the simulation parameters in Table 2 , it is equal to set the average message size PL min = 6kbyte, PL = 3kbyte and PL max = 18kbyte. Fig. 5 shows the maximum aggregate throughput with different SCH data rates. It is observed that the maximum aggregate throughput is unchanged with the same T p when the SCH data rates is higher than 3 Mbps. The reason is that the maximum number of successful non-safety message transmission on SCHs is not the limit of aggregate throughput when SCH data rate is high. In Fig. 6 , it is easy to check that the aggregate throughput on SCHs increases with T p for a given N . This is because that the aggregate throughput increases with the size of non-safety message when the probability of successful rendezvous is fixed.
B. PERFORMANCE OF THE PROPOSED SCHEME
To evaluate the performance of the proposed scheme, we do simulations and compare the aggregate throughput of the proposed scheme with that of the VEMMAC [21] and IEEE 1609. 4 . Fig. 7 shows the aggregate throughput on SCHs per second using the proposed scheme, VEMMAC and IEEE 1609.4, respectively, when the non-safety message transmission probability at each synchronous interval is 60%. The ordinate is calculated by the total size of non-safety messages that are transmitted by the rendezvoused OBU pairs. It is observed that the aggregate throughput of the proposed scheme is higher than that of the aforementioned VEMMAC and IEEE 1609.4 when number of OBUs increases. However, when the number of OBUs is less than 20, the gap of the aggregate throughput among the three schemes is very small. While the number of vehicles is more than 20, the two rendezvous schemes have a better performance than IEEE 1609.4. The reason is that the collisions increase with the network load in using one designated SCH of IEEE 1609.4. Furthermore, the proposed scheme could obtain higher maximum aggregate throughput and allow more OBU pairs exchange rendezvous message successfully than that of VEMMAC. The reason is that the proposed scheme allows OBUs to reserve in almost the whole synchronous interval. It could obtain more chances to reserve successfully, when the collisions increase with the network load.
In Fig. 8 , we compare the aggregate throughput on SCHs of the proposed scheme with that of the VEMMAC, when considering safety message transmission on CCH. Let S s denote the safety message transmission probability at each synchronous interval. And then, we set the non-safety message transmission probability at each synchronous interval be 60%. To evaluate the performance of the two schemes under different loads on CCH, we compare the safety message transmission on CCH with that of no safety message transmission. It is observed that the aggregate throughput of the VEMMAC scheme decreases to 0 faster than the proposed scheme. It demonstrates that the proposed scheme has better performance in CCH congestion control. In summary, the proposed scheme could obtain higher channel utilization and reliability, especially under high network load conditions.
VI. CONCLUSION
A RSU-coordinated synchronous multi-channel MAC scheme for VANETs is proposed in this paper. With the coordination of RSU, we solve the multi-channel hidden terminal problem and provide a channel rendezvous scheme in almost the whole synchronous intervals, which can realize simultaneous transmissions on different SCH channels and decrease the CCH congestion. To analyze the performance of the proposed scheme, we proposed a new analytical model for aggregate throughput on SCHs, which takes into account the following factors: non-safety message transmission probability at each synchronous interval, average size of the non-safety message, and number of OBUs. Furthermore, the maximum aggregate throughput is computed. Simulation results have been provided to validate the analytical model and to demonstrate the improvement in throughput. The results indicated that the proposed scheme can provide higher aggregate throughput than that of the VEMMAC and IEEE 1609.4.
